Autoreactive helper T cells alleviate the need for intrinsic TLR signaling in autoreactive B cell activation
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Introduction
Systemic lupus erythematosus (SLE) was originally thought to be an Ab-mediated disease; however, the importance of Ab-independent B cell functions and cellular immunity has now been recognized. While B cell receptor (BCR) transgenic model systems specific for lupus autoantigens (autoAgs) have elucidated many aspects of autoreactive B cell tolerance and pathogenicity (1, 2) , much less is known about the identity, fate, and function of autoreactive T cells in systemic autoimmunity.
Self-reactive T cells have been identified in the repertoires of both healthy and autoimmune people and mice -suggesting that pathogenic specificities exist in a normal T cell repertoire but require the appropriate genetic background and environment for activation (3) (4) (5) . However, detecting and assessing these cells is challenging due to thymic deletion of the highest affinity anti-self T cells as well as T cell anergy. Furthermore, unlike organ-specific autoimmunity, the identity of relevant autoAgs in systemic autoimmunity is less clear.
All studies to date have used a candidate approach to isolate autoreactive T cells, which has not allowed for the discovery of previously unknown specificities. Autoreactive T cells have been isolated using this candidate approach in SLE (3, 4, 6) , rheumatoid arthritis (7), mixed connective tissue disease (8) , and diabetes (9) . These studies used a specific peptide or protein that was already known to stimulate autoreactive T cells, such as insulin in the case of diabetes, or used a known B cell antigen (Ag); therefore, providing a very narrow view into the functional autoreactive T cell repertoire. There has been no method to isolate or study a more diverse population of antigen specific autoreactive T cells. This is critical in SLE and other systemic autoimmune diseases because the target T cell antigens are not well defined. This limited understanding of the T cell's role in systemic autoimmunity impedes proper understanding of the basic biology of these diseases, as well as developing better therapies.
To help bridge this critical gap in knowledge, we developed a method to identify autoreactive T cells without choosing a specific candidate antigen; we then used these T cells to study the T-B interactions that are central to SLE pathogenesis. Our strategy had two key components: first, it used IgG2a-specific AM14 rheumatoid factor (RF) B cells as antigen-presenting cells (APCs), and second, it used immune complexes (ICs) formed from authentic lupus autoantibodies (autoAbs) as Ag (10) . As we show, by using AM14 B T cells play a significant role in the pathogenesis of systemic autoimmune diseases, including systemic lupus erythematosus; however, there is relatively little information on the nature and specificity of autoreactive T cells. Identifying such cells has been technically difficult because they are likely to be rare and low affinity. Here, we report a method for identifying autoreactive T cell clones that recognize proteins contained in autoantibody immune complexes, providing direct evidence that functional autoreactive helper T cells exist in the periphery of normal mice. These T cells significantly enhanced autoreactive B cell proliferation and altered B cell differentiation in vivo. Most importantly, these autoreactive T cells were able to rescue many aspects of the TLR-deficient AM14 (anti-IgG2a rheumatoid factor) B cell response, suggesting that TLR requirements can be bypassed. This result has implications for the efficacy of TLRtargeted therapy in the treatment of ongoing disease. cells, we could stimulate self-reactive T cells without any a priori knowledge of the self-Ag or T cell specificity, other than that the self-Ag would be contained in the material targeted by bona fide lupus autoAbs. AM14 B cells are quiescent but not tolerized ("ignorant") in normal animals but are activated by nucleic acid-containing ICs in vitro and in vivo (11) . Since AM14 B cells do not become spontaneously activated in vitro in the absence of nucleic acid-containing ICs, we could establish Ag-free conditions, which is not possible typically when stimulating self-specific cells (e.g., if we had used a DNA-reactive B cell).
Stimulatory ICs are composed of an autoAb, such as antichromatin IgG2a, complexed with cellular debris from dying cells. BCR engagement of these ICs leads to internalization and delivery to MHC class II-processing compartments -enabling presentation of proteins within the IC (12) . While autoAb-containing ICs are the target antigen in this system, they contain hundreds of self-proteins that may activate autoreactive T cells -allowing for the isolation of previously undiscovered T cell specificities.
The use of B cells as APCs is physiologically relevant, as we recently demonstrated a nonredundant role for B cells in activating T cells in the lupus-prone strain, MRL.Fas lpr (13) . Furthermore, B cells are far more potent APCs for their particular antigen compared with myeloid cells, which gives them the enhanced ability to activate low-affinity T cells, which is particularly salient in the search for autoreactive T cells that have escaped central deletion (14) (15) (16) (17) . RF B cells, which are found in multiple systemic autoimmune diseases, are unique in their ability to interactive with large and diverse population of T cells ( Figure 1A) . They can present self-Ags contained within ICs, which can be formed from any IgG2a Ab: anti-DNA, anti-RNA, anti-histone, anti-Sm, etc. This unique capacity for T cell activation may give RF B cells a pivotal role in epitope spreading and disease pathogenesis.
We chose to clone T cells from BALB/c mice, as we wanted to interrogate all potential precursors rather than just those that were highly selected at the end stage of an autoimmune process in lupusprone mice. Previous work in the lab indicated that cognate helper T cells for AM14 B cells exist in the repertoire of BALB/c mice (18) .
Here, we report the identification of self-reactive T cell clones isolated with this approach and the in-depth characterization of two of them. We show how autoreactive T and B cells differentiate and interact upon stimulation with physiologic self-Ag. We further investigate how TLR and T cell-mediated signals interact and compensate for each other, with respect to both B cell and subsequent T cell activation. These studies also have important implications for lupus therapeutic intervention by TLR inhibition, with respect to whether TLR signaling is required to sustain as well as initiate systemic autoimmunity.
Results
Generation of IC-specific T cell lines.
To activate and increase the frequency of potential IC-specific T cells, we cultured RF B cells from AM14 Vk8R BALB/c mice (hereafter referred to as AM14 B cells) with CD4 T cells from BALB/c mice in the presence of purified autoAbs ( Figure 1, A and B) . We used PL2-3, an antichromatin Ab that stimulates AM14 B cells in a TLR7-and TLR9-dependent manner (19) , or Y2, an anti-Sm Ab precomplexed with Sm, which stimulates via TLR7 (20) . Three days after the third round of stimulation, the cells were fused with BW5147 cells to generate T cell hybridomas, which were tested for reactivity to PL2-3 or Y2:Sm. We selected clones that did not respond to stimulation with AM14 B cells alone, AM14 B cell plus anti-IgM, and T-depleted splenocytes (SP APCs) alone (data not shown). The T cells were also tested in medium containing mouse serum to rule out bovine-specific reactivity (data not shown). We then sequenced the T cell receptor (TCR) genes and performed at least 2 rounds of limiting dilution, establishing unique clonal lines (Supplemental Table 1 ; supplemental material available online with this article; https://doi.org/10.1172/jci. insight.90870DS1): 5 T cell lines from 2 fusions from the PL2-3 stimulation cultures (of 960 hybridomas) and 3 T cell lines from 1 fusion from the Y2:Sm stimulation cultures (of 360 hybridomas).
In order to test whether the T cell epitope was from a protein contained within the IC, such as a DNA-or RNA-binding protein, as opposed to a peptide from PL2-3 or Y2, we stimulated the T cell clones with a panel of autoAbs of related specificities that originated from multiple mouse strains and that are composed of a variety gene segments ( Figure 1 , C and D, Supplemental Table 2 ). One clone, 13C2, responded to several autoAbs, including other antichromatin autoAbs and the anti-RNA autoAb, BWR4 ( Figure 1C ). Another clone, 1B9, responded to BWR4 and Ha310 in addition to PL2-3 ( Figure 1C ). These data strongly suggest that 13C2 and 1B9 each recognize Ags that are bound by multiple autoAbs. The ability of multiple Abs to capture the antigenic proteins recognized by the same T cell clones is to be expected because these autoAbs bind to debris released from dying cells that would include a complex mix of nucleic acids and associated proteins. Conversely, because the stimulatory Abs had diverse V region sequences that were also used by nonstimulatory autoAbs, it is highly unlikely that the T cell clones reacted with an Ig-derived peptide (Supplemental Table 2 ).
In contrast, 3 T cell clones responded only to PL2-3, of which the clone E12 is shown ( Figure 1C ). These clones may recognize peptides from Ags that are uniquely captured by PL2-3 but could also recognize V region peptides from the stimulating IgG2a; we chose to not continue with these clones, as they were likely to be of less general importance. From the Y2:Sm stimulations, one clone, 1F8, exclusively recognized the Y2:Sm complex ( Figure 1D ), suggesting that 1F8 is specific for an Ag that can only be bound by Y2. In contrast, 1G1 and 2D1 reacted to both Y2 and 2G7 and did not require the Abs to be precomplexed with Sm ( Figure 1D ), suggesting that they recognize an Ag released from dying cells in the culture.
To investigate whether the chromatin-specific T cells were relevant to in vivo disease, we tested whether these T cells could respond to AM14 B cells provided with autoAg ICs present in sera from diseased lupus- prone MRL.Fas lpr mice (21, 22) . 13C2 and 1B9 responded to 5 and 6 of 6 different pooled sera, respectively (Supplemental Figure 1, A and B) . Notably, T cells did not respond to sera from normal BALB/c mice or from Tlr7/9 -/-or Myd88 -/-MRL.Fas lpr mice -all of which lack nucleic acid-associated ICs (23) . Even though Tlr7/9 -/-or Myd88 -/-MRL.Fas lpr mice lack nucleic acid-associated autoAbs, they have highly elevated levels of serum IgG2a, 5 and 3 mg/ml, respectively -3.75 times and 6.25 times higher than BALB/c mice (23) -further suggesting that the T cells are reacting with components captured by polyclonal antinuclear Abs rather than IgG itself. These data indicate that both the autoAgs bound by PL2-3 and these T cell specificities may represent typical components of a spontaneous systemic autoimmune response. + Tregs, compared with 11.2% and 14.4% of Vβ-matched CD4 T cells in BALB/c mice, arguing against a strong selection into this compartment (Supplemental Figure 3 , E and F). 13C2 and 1B9 T cells were also positively selected into the CD4 compartment on a nontransgenic BALB/c background (data not shown). However, we proceeded with DO11.10 Tcrα -/-BALB/c mice as bone marrow recipients for retrogenic mice, because they enabled us to use V-specific antibodies to distinguish the T cell clones of interest and prevented any complications from contaminating endogenous BALB/c T cells, which have been shown to help the AM14 B cell response (18) .
Cognate interactions with 13C2 T cells enhance the AM14 response to autoAb ICs in vitro. AM14 B cells proliferate in response to both PL2-3 and BWR4 in the absence of T cells (18, 25) . To assess whether primary 
13C2 T cells bypass the need for intrinsic TLR signaling for AM14 proliferation but not differentiation in vitro.
The AM14 response to autoAb ICs is dependent on TLR7/9 (11, 20, 25, 26) . We hypothesized that IC-specific T cells could substitute for TLR signals. To test this, we stimulated AM14 B cells that were deficient in Tlr7, Tlr9, or both in the presence of DO11.10 T cells or 13C2 T cells. While proliferation was almost absent in the Tlr7/9 -/-B cells cultured with DO11.10 T cells ( Figure 3A, upper) , the presence of 13C2 T cells completely alleviated the need for TLR signaling for B cell proliferation ( Figure 3A, lower) . However, IC-specific T cells did not restore Ab production to the level of that of TLR-intact B cells. Nonetheless, the presence of IC-specific T cells signaled an increasing trend compared with control cultures with DO11.10 T cells (Figure 3, B and C, and data not shown) . Surprisingly, T cell proliferation and IL-2 production were unaffected by the TLR genotype of the B cell, indicating that TLR activation in the B cell is not necessary for Ag presentation (Figure 3, D and E) .
IC-specific T cells amplify the AM14 response and alter B cell fate decisions in vivo.
To study the effect of 13C2 T cells on the AM14 B cell response in vivo, we transferred AM14 B cells and 13C2 T cells into DO11.10 To investigate whether early availability of T cell help promoted GC differentiation, we delayed the transfer of 13C2 T cells for 2 days ( Figure 7A ). However, 13C2 T cells were equally capable of inducing GC differentiation if they were cotransferred with AM14 B cells on day 0 or transferred 2 days later ( Figure 7 , B and C). 13C2 T cells given on either day did not enhance the proclivity to differentiate into PBs ( Figure  7D ). Taken together, these results show that 13C2 T cells induce AM14 B cells stimulated with PL2-3 to differentiate into GC cells, increase the magnitude of the PB response, and promote isotype switching.
To investigate whether the capability to skew cognate B cell responses toward GC differentiation was unique to the 13C2 clone, we analyzed the effect of an additional IC-specific T cell clone, 1B9 ( Figure  8A ). The transfer of 1B9 or 13C2 T cells resulted in an equivalent proportion of GC AM14 B cells (Figure 8, B and C) . Strikingly, the cotransfer of 1B9 T cells resulted in a substantial increase in PB differentiation compared with AM14 B cells transferred alone or cotransferred with 13C2 T cells ( Figure 8D) . Cotransfer of the 1B9 T cells resulted in 7.5-fold more AM14 B cells compared with AM14 B cells transferred alone and 2.25-fold more compared with 13C2 T cells; this resulted in both substantially more GC B cells and PBs (Figure 8 , E-G). 1B9 T cells increased IgM AFCs by approximately 7-fold compared with AM14 B cells alone and by almost 5-fold compared with 13C2 T cells ( Figure 8H ). Finally, 1B9 T cells resulted in 100 times more IgG2a AFCs compared with AM14 B cells transferred alone and almost 40 times more compared with 13C2 T cells ( Figure 8I) .
The differential effects of the two clones on the AM14 B cell response could be due to a number of factors, including the quality and quantity of activated T cells generated by each clone. Indeed, only 13C2, and not 1B9, required the cotransfer of AM14 B cells in order to proliferate in response to PL2-3 ( Figure 9, A and B) . 1B9 T cells proliferated more than 13C2 T cells, as shown by increased VPD450 dilution, generating 10 times more IC-specific T cells ( Figure 9, A and B) . Qualitatively, however, both 1B9 and 13C2 T cells differentiated into an equivalent frequency of Tfh cells ( Figure 9, C and D) . These data suggest that the antigenic peptide for 1B9 can be presented in vivo by endogenous APCs that take up ICs, but the specific peptide recognized by 13C2 may be uniquely created or concentrated by AM14 B cell antigen processing.
IC-specific T cells partially bypass the requirement for intrinsic TLR signaling for the AM14 response in vivo.
To test whether IC-specific T cells could rescue TLR-deficient AM14 B cell responses in vivo, we transferred AM14 B cells that were WT, Tlr7 -/-, Tlr9 -/-, or Tlr7/9 -/-alone or with 13C2 or 1B9 T cells, with or without PL2-3 (Supplemental Figure 4) . In the absence of T cells, Tlr7/9 -/-AM14 B cells almost completely disappeared. In the presence of 13C2 T cells, the frequency of Tlr7/9 -/-AM14 B cells increased 7-fold; in the presence of 1B9 T cells, the frequency increased 30-fold ( Figure 10, A and B) . There was little effect of single TLR deficiency, except that, in the presence of T cells, TLR9-deficient AM14 B cells actually yielded an even greater number of cells than did TLR-intact AM1 B cells.
The loss of both TLR7 and TLR9 or TLR7 alone resulted in significant decreases in the percentage of AM14 B cells with GC phenotype in the presence of either T cell clone ( Figure 10C ). Nonetheless, T cells could partly rescue TLR deficiency, since, even in the absence of both TLRs, transfer of 13C2 or 1B9 cells resulted in more AM14 GC B cells than were produced without T cells. These results indicate that AM14 differentiation into GC cells in the context of sufficient T cell help is partially dependent on intrinsic TLR7, but not TLR9, signaling.
For AM14 B cells transferred alone, either TLR was sufficient to support PB differentiation ( Figure 10D ); in contrast, the few Tlr7/9 -/-AM14 B cells that survived did not become PBs. In mice that received 13C2 T cells and Tlr7/9 -/-AM14 B cells, PB differentiation was also impaired, but this did not reach statistical significance. The transfer of 13C2 T cells with Tlr7 -/-AM14 B cells led to an increasing trend in PBs -the opposite effect from that observed on GC differentiation. Strikingly, 1B9 T cells completely bypassed the need for TLR signaling for PB differentiation. While 1B9 T cells enabled Tlr7/9 -/-AM14 B cells to differentiate into phenotypic PBs, these B cells were impaired in their ability to become IgM AFCs and lost the ability make IgG2a + IgM (H) and (I) IgG2a AFCs were determined by ELIspot. Data are presented as mean ± SEM from 4 independent experiments; each point represents a mouse, with 6-16 total mice per group. Statistics were calculated with 1-way ANOVA; multiple testing was corrected with Holm-Sidak's. *P < 0.05; **P < 0.01; ****P < 0.0001. Figure 10, E and F) . Collectively, these results demonstrate that cognate IC-specific T cells can partially overcome the need for TLR signaling in response to PL2-3 in vivo, particularly with respect to GC differentiation and, in the case of 1B9, PB differentiation. However, even in the presence of T cell cognate help, TLR stimulation significantly contributes to expansion and complete differentiation in response to a native autoAg.
AFCs (
On the other hand, consistent with the in vitro data, the TLR genotype of the AM14 B cells did not affect the total number of IC-specific T cells ( Figure 10G ). Thus, although there were fewer Tlr7/9 -/-AM14 B cells by day 7 to present Ag to T cells, the initial population must have been sufficient to initiate T cell activation and proliferation. Lack of TLR7 and TLR9 on AM14 B cells did, however, reduce the differentiation of 13C2 but not 1B9 T cells into Tfh cells ( Figure 10H ).
Discussion
Although autoreactive T cells play a key role in the pathogenesis of systemic autoimmunity, relatively little is known about their origin, specificity, phenotype, fate, and function. Here, we have used what we believe to be a novel method to identify relevant autoreactive T cells that help autoAb-producing B cells. Our results directly confirm that autoreactive helper T cells exist in the periphery of normal mice and extend this notion by showing how they can function. Upon encounter with Ag in the appropriate form, they can be activated to break functional tolerance (or clonal "ignorance"), in a process that does not require any non-self adjuvant. Both T cell clones significantly enhanced the magnitude and altered the quality of the AM14 response in vivo. Perhaps most critically for our understanding of systemic autoimmunity pathogenesis, we found that IC-specific T cells could rescue many aspects of the TLR-deficient AM14 B cell response in vivo. Thus, the requirement for intrinsic B cell TLR signaling may depend on the stage and type of immune response and may be overridden, in substantial part, by sufficient cognate T cell help. This has implications for the efficacy of TLR-targeted therapy in interrupting ongoing disease.
Our studies complement other examples -mostly derived from models of organ-specific autoimmunity -of self-reactive T cells that escape central deletion, exist in a normal repertoire, and can become activated. ) enumerated from flow cytometry. Data are presented as mean ± SEM from 4 independent experiments, with 7-16 total mice per group; each point represents a mouse. Statistics were calculated with 2-way ANOVA; multiple testing was corrected with Holm-Sidak's. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.
Such cells can exist for multiple reasons: peptides that bind MHC weakly cannot mediate deletion in the thymus but can induce activation in the periphery, presumably through increased local concentration, either naturally or through immunization (29) (30) (31) . Incomplete thymic expression of protein splice variants can also result in thymic escape (32, 33) . How autoreactive T cells escape tolerance and are activated in lupus has been investigated but is not well understood. Immunization with native snRNPs, a target of lupus autoAbs, did not elicit a response from normal mice; however, administration of specific snRNP peptides led to T cell activation and Ab production -indicating that some self-peptides are not naturally processed and presented (4) . Notably, when Ag-specific B cells were present, T cell responses from normal mice to murine snRNPs were detectable -further demonstrating that normal mice harbor autoreactive T cells and suggesting a special role for B cell presentation in the activation of such "ignorant" autoreactive T cells (34) .
Our T cell clones provide greater insight into the ontogeny of lupus-related autoreactivity. Both clonotypes were positively selected and appeared mainly quiescent in the periphery at steady state. However, they differed in terms of their activation requirements and function in the periphery. Since 13C2 T cells required AM14 B cells for activation in vivo, their specific epitope may be the result of unique processing by these Ag-specific B cells (35) . In contrast, 1B9 T cells did not require the cotransfer of AM14 B cells for their activation, indicating that their epitope can be presented by endogenous APCs. Since 1B9 T cells were not spontaneously activated in BALB/c mice in the absence of ICs, at steady state their endogenous Ag must not be presented at a sufficient concentration and/or in immunogenic context. It is also possible that the stimulatory epitope may result from altered peptide processing of the parent protein due to its inclusion in ICs.
The exogenous addition of antichromatin, similar to the accumulation of serum IC over the course of lupus, may be necessary to overcome barriers to T cell activation. Autoreactive T cells that are activated later in disease progression could fall into this category (i.e., they can be stimulated by high titers of serum self-ICs); they would be activated by any FcR-bearing APC, perhaps like 1B9 but not 13C2. In this regard, it is interesting that we saw that autoreactive T cells that help autoreactive B cells are diverse in function and activation requirements, even though identical conditions were used to isolate them. Despite these differences, it is important to note that many aspects of these two different clones were similar, revealing general themes concerning the interplay of T cells, B cells, and TLR signals in systemic autoimmune responses.
Of greatest mechanistic and therapeutic significance, we found that AM14 B cells could induce T cell activation completely independently of TLRs. This was unexpected, since B cell-specific MyD88 deletion in MRL.Fas lpr mice resulted in a significant decrease in T cell activation (36) . To reconcile this, we suggest that TLR-driven activation of autoreactive B cells is necessary at the onset of spontaneous systemic autoimmunity in order to expand low-frequency autoreactive B cells. Without such expansion, an encounter with naive cognate autoreactive T cells would be unlikely. However, once expanded, RF B cells (and by extension anti-DNA/RNA B cells) would not need TLR signals to stimulate cognate autoreactive T cells. The fact that initial activation of autoreactive T cells in vivo was TLR independent in our system likely reflects that we transferred sufficient numbers of cells to make initial T-B interactions possible from the start. Nonetheless, these results show clearly that naive autoreactive B cells can activate unprimed autoreactive T cells in the absence of a TLR signal.
Conversely, the presence of IC-specific T cells rescued several functional defects of TLR-deficient AM14 B cells. Both proliferation and survival of Tlr7/9 -/-B cells were complemented by IC-specific T cells, such that final yields approached WT levels in the case of 1B9 and approached about one-third of WT in the case of 13C2. The inability of the IC-specific T cells to fully restore expansion of Tlr7/9
-/-B cells may reflect that only a fraction of AM14 B cells were able to interact with a cognate T cell in a timely manner after Ag encounter and hence be rescued from the lack of a TLR signal. Alternatively, it could reflect an inferior quality of T cell versus TLR signals in this context. The fact that AM14 B cell proliferation was completely restored in the presence of 13C2 T cells in vitro supports the former possibility. Furthermore, 1B9 T cells significantly enhanced differentiation of PBs; however, TLR signaling was still required for the development of IgG2a AFCs.
Collectively, these data suggest a positive feedback model in which small numbers of autoreactive B cells are autonomously activated by engagement of their BCR and TLRs by self-Ag; this expanded population of B cells can present highly concentrated self-peptides to rare and low-affinity T cells in the periphery. Once activated, autoreactive T cells can provide help, resulting in the TLR-independent activation and proliferation of naive autoreactive B cells and enhancement of the differentiation and expansion of those already activated; however, TLR signaling may play a unique role in isotype switching.
The ability of IC-specific T cells to induce GC differentiation of AM14 B cells may be reflective of events in later stages of disease. We found that a threshold number of cognate T cells was needed to elicit GC formation in response to antichromatin ICs; such frequencies of self-reactive T cells are not likely achieved until later phases of disease. These results suggest that ICs normally promote an extrafollicular (EF) PB response because endogenous T cell help is limiting. Of note, only a minority of activated T cells became Tfh cells. Thus, in the context of an autoimmune response in which B cells receive joint TLR/BCR stimulation, we directly show that there are diverse T cell outcomes. This could in turn drive multiple outcomes for B cells as well. The EF PB response is enhanced by Bcl6-expressing Tfh-like (T extrafollicular helper) CD4 cells (37, 38) . We found that IC-specific T cells enhanced the EF PB response while also promoting GC differentiation. This heterogeneity of both B and T cells was striking since these experiments were performed with clonal cell populations. It suggests that cell fate decisions are in part determined stochastically.
The specific need for TLR7, but not TLR9, in AM14 GC differentiation mirrors reports in other systems (39) (40) (41) . The connection between TLR7 and GC cells is interesting because B cells with RNA-related specificities appear more T cell dependent. For example, in MRL.Fas lpr mice in which B cells lack MHC class II, and hence are unable to present antigen to CD4 T cells, the most affected autoAb was anti-Sm (13) . In both patients and lupus-prone mice, RNA-related autoAbs were not affected by B cell depletion (42, 43) . Such treatment does not deplete long-lived plasma cells, which derive from GC cells, suggesting that B cells with RNA-related specificities derive from GC cells (44) . In agreement, AM14 Tlr9 -/-B cells stimulated in vitro with PL2-3, which signals through TLR7, are more dependent on T help than are Tlr7 -/-B cells. In the larger picture, the approach we have described is valuable in allowing us to clone self-reactive T cells from a polyclonal repertoire without any genetic manipulation and without having to choose a candidate Ag. This permitted us to work with authentic self-reactive clones and not (as is often done) TCR Tg mice with specificity for nominal Ags, such as ovalbumin, that are then engineered to be part of "self." The use of natural autoAgs allowed us to evaluate the requirement of endogenous TLR ligands in autoreactive B cell activation and discover that T cell help can bypass the need for TLR stimulation to a substantial degree. We further were able to determine the natural fate of self-reactive T cells, showing that they were positively selected and not skewed to a Treg pathway. By studying more than one clone, we found divergent behavior in some functional settings that points to considerable natural heterogeneity. In the future, this method will allow us to further characterize the natural autoreactive T cell repertoire and greatly expand our currently narrow view of T cell autoreactive specificities and functions. Furthermore, with these T cells in hand, the next important but challenging task will be to identify the specific proteins from which the stimulatory peptides are derived.
Methods
Mice. AM14 Vκ8R, AM14 Vκ8R Tlr7 -/-, AM14 Vκ8R Tlr9 -/-, and AM14 Vκ8R Tlr7/9 -/-mice were described previously (10, 19, 45, 46) . DO11.10 Tcrα -/-BALB/c mice were previously described (18) . Rag2 -/-BALB/c mice were from Jackson Laboratories. Cell culture. Primary splenic B cells and T cells were enriched by negative selection according to the manufacturer's instructions (Stemcell Technologies). Total SP APCs were prepared by depleting T cells with anti-Thy1.2 Ab (30H12) and rabbit complement (CedarLane) and then them irradiating with 2,000 cGy. Abs for in vitro stimulation were made in-house as previously described (47) . The cell lines were generated in-house or were gifts from Mark Monestier (Temple University, Philadelphia, Pennsylvania).
For cultures detailed in Figure 1B , AM14 B cells and T cells were cultured together at a ratio of 2:1 at 10 6 cells/ml in 10% complete Click's media with BAFF (Peprotech). On the third day, half of the media were replaced with fresh 10% complete Click's media with BAFF and 10 ng/ml human IL-2 (Peprotech). Abs for in vitro stimulation. The following Abs were added at 1 μg/ml: Hy1.2, PL2-3, PL2-8, PL9-2, PL9-3, PL9-9, PR1-3, LG4-1, PA1, PA4, 8D8, MRA12, LG2-1, and LG2-2. The following Abs were added at 10 μg/ml: Ha310, BWR4, Y2, and 2G7. The Y2:Sm complexes were formed by mixing 10 μg/ml of Y2 with purified Sm (Immunovision SMA-3000) at a 1:250 ratio based on the final culture volume. Anti-IgM was used at 15 μg/ml.
